We have employed an anisotropic united atom model of benzene ͑R. O. Contreras, Ph.D. thesis, Universitat Rovira i Virgili 2002͒ that reproduces the quadrupolar moment of this molecule through the inclusion of seven point charges. We show that this kind of interaction is required to reproduce the solvation of these molecules in supercritical water. We have computed self-diffusion coefficient and Maxwell-Stefan coefficients as well as the shear viscosity for the mixture water-benzene at supercritical conditions. A strong density and composition dependence of these properties is observed. In addition, our simulations are in qualitative agreement with the experimental evidence that, at medium densities ͑0.6 g/cm 3 and 673 K͒, almost half of the benzene molecules have one hydrogen bond with water molecules. We also observe that these bonds are longer lived than the corresponding hydrogen bonds between water molecules. Similarly, we obtain an important reduction of the dielectric constant of the mixture with the increment of the amount of benzene molecules at medium and high densities.
I. INTRODUCTION
Fluids at supercritical conditions, above the critical temperature T c and pressure P c , are powerful solvating agents that can be used for separation purposes and as media for chemical reactions. One of the important properties of supercritical fluids is that their density can be tuned from gaslike to liquidlike by adjusting the pressure. [1] [2] [3] Supercritical water ͑SCW͒ has in addition quite surprising properties since it can solvate nonpolar substances and precipitate common electrolytes, contrary to what is observed at ambient conditions. This change in the solvation capability of water is explained by a relaxation of the three-dimensional structure of the hydrogen bond network, 4 together with a reduction of the dielectric constant of water. This fact favors the solvation of nonpolar solutes such as hydrocarbons and aromatic compounds.
Additionally, the viscosity of water at supercritical conditions and at densities between the critical c and 2 c is approximately one-tenth of the viscosity of the liquid phase at ambient conditions. [5] [6] [7] Consequently, the diffusion coefficient is about ten times higher, which has an important impact on diffusion-controlled chemical reactions.
In view of these properties, industrial processes at such high pressure and temperature conditions are of particular interest. Examples are supercritical water oxidation ͑SCWO͒ and supercritical extraction, among others. For instance, SCWO becomes an important application because it provides a reliable way to destroy biochemical and pharmacological hazardous wastes from industrial process, [8] [9] [10] [11] [12] such as the degradation of steam currents with aromatic compounds.
The development of industrial applications thus requires the knowledge of different thermodynamic as well as transport properties of these mixtures, which are often not available. It is known that obtaining experimental data at these extreme conditions is difficult, and sometimes dangerous, due to the severe oxidation and corrosion conditions in SCW. In view of these problems, molecular simulation is a promising alternative to provide reliable estimates of data of many of these macroscopic properties. Molecular simulations have the additional advantage to also provide a more fundamental microscopic insight on the systems. In this work we have used molecular dynamics simulations ͑MD͒ to explore mixtures of water and benzene at several compositions, temperatures, and pressures, in the supercritical region of the mixture. Previous simulation works have been devoted to study equilibrium properties on this particular system. 13 However, there is no information about the dynamical behavior of the mixture. In this respect, we have computed self-diffusion and mutual diffusion coefficients, shear viscosity, dielectric constant, and the water molecules hydrogen bonds relaxation dynamics as functions of the density and composition of the mixture.
The water-benzene mixture has recently been studied experimentally at supercritical conditions. 14 Infrared spectra experiments at 2676 cm Ϫ1 and 3649 cm Ϫ1 absorption bands suggest the presence of water-benzene complexes due to the formation of hydrogen bonds between water and the electron cloud of the benzenic ring. We have also tested this hypothesis using MD simulations. To carry out this analysis is of particular importance for use on an appropriate model of benzene, which is able to reproduce the quadrupolar moment of the molecule, and is required for a correct description of the interaction between benzene and water. An anisotropic united atom ͑AUA͒ model for benzene with seven point charges is also introduced in this work. Though the benzene molecule can be described exclusively with simple LennardJones interactions, 15 it may be expected that electrostatic interactions cannot be neglected when benzene is mixed with highly polar molecules, as is the case with water. We have seen that the inclusion of these point charges in the model of benzene is necessary to describe a single phase at the supercritical conditions analyzed in this work.
Additionally, the inclusion of these charges in the benzene molecule allows the possibility of formation of weak hydrogen bonds with water molecules. The NMR spectra experiments 16 indicate that the rotational lifetimes of the hydrogen bonds of water are of the order of 2ϫ10 Ϫ13 s. These values are in perfect agreement with our simulation results, where hydrogen bond lifetimes of about 1.9ϫ10 Ϫ13 -2.0 ϫ10 Ϫ13 s have been found. This article is organized as follows: In Sec. II, an introduction of the fundamentals employed to compute the different properties are presented. The methodological part, where the model is developed and the technical details of the simulations are discussed, is given in Sec. III. Section IV is devoted to the discussions of the main results of this work and, finally, the main conclusions that can be drawn are given in Sec. V. In the Appendix we include more details about the determination of the intermolecular potential parameter of the benzene model.
II. FUNDAMENTALS
In this section we summarize the properties that will be used in this work, such as the dielectric response, diffusion coefficients, and shear viscosity. The definitions of hydrogen bonds and their lifetimes are also introduced.
A. Dielectric response of a mixture of dipolar and quadrupolar interactions
The computation of the dielectric response of the system is calculated from the fluctuation of the polarization in the system. The dielectric response of the system to an external homogeneous electric field is only due to the presence of dipoles in the particles. 17, 18 The quadrupoles do not directly contribute to that dielectric response, only through the coupling with the dynamics of the dipoles.
For periodic boundary conditions and long-range electrostatic interactions treated by means of a reaction field methodology with conducting boundary conditions (⑀ RF →ϱ), the dielectric constant ⑀͑0͒ of the system is given by 19 lim
Here G k is the finite system g factor, measuring the intensity of the fluctuations of the macroscopic polarization
where Pϭ ͚ iϭ1 N i in an homogeneous system. G k measures the equilibrium fluctuation of the total dipole moment of the system. The factor y in Eq. ͑1͒ is given by
. ͑3͒
Here and T are, respectively, the number density and temperature of the system, k B being the Boltzmann's constant. The quantity is defined as composition averaged particle's dipolar moment, i.e., ϭ͚ iϭ1 N esp x i i , where x i is the molar fraction of the ith species and N esp is the total number of species present in the mixture. In addition, it is possible to have more details about the reorientation of the dipole vectors in the system by monitoring a radial decomposition of dipole-dipole orientation; we propose in this work a simple function that accounts for this information, according to
where N is the total number of molecules in the system, r ϭ͉r j Ϫr i ͉, and n(r) is the number of molecules located at a distance r. There are several ways to study dipole-dipole orientational distribution functions, such as employing Fourier-Hankel transforms of the dipolar symmetry projections of pair correlation functions. 20 However, the simple approximation done in Eq. ͑4͒ provides sufficient information for the analysis carried out in this work.
B. Dynamical properties

Diffusion
The microscopic relations to compute the mutual diffusion coefficient D in binary and ternary systems that we used in this work were developed by van de Ven-Lucassen et al., 21 in a Green-Kubo form. According to Eq. ͑15͒ of this reference,
͑5͒
where x 1 , x 2 , M 1 , and M 2 are the molar fractions and masses of species 1 and 2, respectively; n 1 is the number of molecules of species 1, additionally, v 1 is the center-of-mass velocity of particles of species 1. In this expression D 12 is the Maxwell-Stefan diffusion coefficient, related to the usual mutual diffusion coefficient D 12 by means of the thermodynamic factor Q, according to the relation
The evaluation of Q can be done from experimental data or from simulations. 22 Unfortunately, the accuracy of the latter is very poor and hence exceedingly long simulations are required. However, in dilute solution QӍ1Ϫx solute . In this work the concentration of benzene is rather low and, therefore, we will approximate D 12 ӍD 12 .
Then, the Maxwell-Stefan diffusion coefficient can be calculated in computer simulation from Eq. ͑5͒ using the relation given in Eq. ͑6͒.
The self-diffusion coefficient of each species has been computed in this work through the mean square displacement, according to the well-known Einstein relation,
where r i (t) is the vector position of one particle of species iϭ1, 2 at time t, r i (0) is the position at tϭ0, and D i is the self-diffusion coefficient of the ith species.
Einstein's relation for the shear viscosity
The shear viscosity is calculated either from N-V-T or N-P-T simulations. Due to the long time decay of the pressure tensor time correlation function in some aqueous system 24 the computation of the viscosity through a GreenKubo expression is very inefficient. The Einstein relation is employed as described by Smith and Gunsteren 25 but, contrary to the original work, here we use all the elements of the stress tensor to improve convergence and statistics. 26 Thus, the viscosity coefficient is given by the expression
͑8͒
Here ␣ and ␤ are indices running over the three Cartesian coordinates, V is the volume, T is the temperature, and ⌬ P ␣␤ (t) denote the displacements of the elements of the pressure tensor P ␣␤ which are defined as
͑11͒
In Eq. ͑11͒, p ␣i is the ␣ component of the momentum of particle i, f ␣i j is the ␣ component of the force between particles i and j, and r ␤i j is the ␤ component of the vector, r i j ϵr j Ϫr i .
C. Structure of water around benzene molecules
In order to collect information about the insertion of the benzene molecule in the system, it is interesting to compute the coordination number for the arrangement of water molecules around each benzene molecule,
Here is the number density of the mixture, g cm w ,cm B is the center of mass to center of mass radial distribution function between water and benzene molecules, and r cm w ,cm B min is the distance where the first minimum of this distribution function is observed. This coordination number n cord gives us information about the degree of solvatation of benzene molecules in water.
D. Hydrogen-bond definition and lifetimes
Another property considered in our analysis is the dynamic behavior of the hydrogen bonds present in the system. It is commonly known that there is no unequivocal way to determine whether two molecules are hydrogen bonded or not. Instead, different criteria have been introduced to define such important property between associating molecules. 27 Though the benzene molecule cannot be considered in principle as an associating fluid, we are interested in exploring the experimental suggestion 14 that association between the center of the benzenic ring and the water molecules is possible. We have decided in this work to employ a geometrical criterion, 28 in which three conditions should be fulfilled:
͑1͒ The distance R OO between water oxygens or the distance R OB between the center of the benzenic ring ͑which coincide with the center of mass of the molecule͒ and the oxygen atom of water must be smaller than R O c . ͑2͒ The distance R OH between the acceptor oxygen, or the distance between the acceptor benzenic ring R BH and the hydrogen corresponding to the donor water molecule must be smaller than R H c . ͑3͒ The angle between the bonds in the conformation H-O¯O ͑where the¯stand for hydrogen bonds͒ must be smaller than a given c . Similarly, for water benzene hydrogen bonds the criterion is applied to the bond HuO¯B, where B is the center of the benzenic ring.
In this work we have used R H c ϭ2.5 Å and R O c ϭ3.6 Å, which correspond to the distance of the first minimum of the oxygen-oxygen radial distribution functions observed in other works 28, 29 and coincide with the distance of the observed first minimum of the center of mass to center-of-mass radial distribution function between water and benzene molecules ͑see Fig. 6͒ , respectively. Additionally, we have employed a value of 30°for c .
28
The study of the temporal evolution of the hydrogen bonds between water and benzene is not a straightforward issue. According to previous analysis on associating fluids we compute the survival propability of the H bonds between a water hydrogen and the center of the benzene molecule ring, by means of the autocorrelation function [30] [31] [32] C HB ͑ t;t*͒ϭ
where the variable i j (t) takes the value 1 depending on two conditions: ͑a͒ the hydrogen bond between molecules i and j satisfies the three criteria mentioned above at t and ͑b͒ in the period from 0 to t they have not been broken longer than t*• i j (t)ϭ0 otherwise. We have in particular investigated two limiting cases, t*ϭ0 and t*ϭϱ which correspond, respectively, to the so-colled continuous and intermittent H-bond survival probabilities, employed in previous works. 30, 32 Physically, the case t*ϭ0 measures the survival probability for H-bonds that have satisfied criteria 1-3 in all the time interval. In turn, t*ϭϱ permits that the originally existent H bond be broken for any interval of time.
The measure of the lifetimes HB c for t*ϭ0, and HB i for t*ϭϱ, have been obtained from
as t→ϱ. We have verified that C HB (t;t*) is exponential at long times and thus the determination of the H-bond lifetimes from Eq. ͑14͒ has full meaning. Other authors 33 argued that C HB (t;t*) is significantly nonexponential at long times in water at ambient conditions. Nevertheless, the thermodynamic conditions of our study are above the critical point, well above the limit of existence of a three-dimensional hydrogen bond network, responsible of these anomalous nonexponential decay.
III. MOLECULAR MODELS AND SIMULATION DETAILS
Intermolecular potential energy models for benzene have been recently compared by Contreras-Camacho et al. 34 From this investigation, it appears that the all atoms potential of Jorgensen et al. [35] [36] [37] accounts fairly well for the properties and structure of liquid benzene in ambient conditions. It provides also a qualitative account for the quadrupole moment of benzene, which is Ϫ25ϫ10 Ϫ40 C m 2 from the potential model and Ϫ30.5ϫ10 Ϫ40 C m 2 from experiments. 38, 39 However, it fails in representing the liquid-vapor equilibrium properties in a large range of temperatures.
Simpler models have been also proposed, based on the concept of united atoms ͑UA͒, without incorporating electrostatic charges. [40] [41] [42] Models based on the concept of AUA have been proposed by Evans and Watts, 43 Friedrich and Lustig, 44 and by Contreras-Camacho et al. 34 Errington and Panagiotopoulos 45 proposed an exponential-6 model of benzene. Among these, the exp-6 model of Errington and Panagiotopoulos and the AUA model of Contreras-Camacho et al. appear as the most successful to reproduce simultaneously the saturation pressure, the vaporization enthalpy and the saturated liquid density of benzene. The AUA model reproduces well also the structure of liquid benzene.
However, these simplified models do not provide a satisfactory account for the electrostatic interactions. The relatively low importance of these interactions in liquid benzene ͑typically 5%-6% of the cohesive energy in Jorgensen's model͒ explains why it is possible to model pure benzene without explicit inclusion of the electrostatic interactions. On the opposite, it may be expected that electrostatic interactions cannot be neglected when benzene is mixed with highly polar molecules, as is the case with water.
We propose therefore a preliminary AUA model of benzene that comprises electrostatic charges. In order to keep the number of partial charges minimal while still respecting the hexagonal symmetry of the molecule, we consider one negative charge at the geometrical center and six positive charges on the hydrogen atomic centers. The amplitude of these charges have been optimized to represent at best the electrostatic field around the molecule on four grids of points located at distances of 1.2, 1.4, 1.8, and 2 van der Waals radii from the atomic centers. 46 In this procedure, the electrostatic field was determined by ab initio calculations at the MP2 level. The dispersion and repulsion interactions are represented using AUA, following the same procedure as Contreras-Camacho et al. 34 for parameter optimization. The Lennard-Jones parameters and the offset distance between the carbon and the related AUA force center have been op-TABLE I. Potential parameters of the models employed. The potential parameters are given for every site of the molecular model, which include Lennard-Jones interactions together with point charges. and ⑀ are the standard Lennard-Jones parameters. ␦ LJ is the displacement of the center of force with respect to the carbon symmetry center, on the plane of the benzene, outwards, in the anisotropic united atom scheme. The charges are proportional to the electron charge ͑e͒. ␦ charge measures the displacement of the point charges in the same direction as for ␦ LJ . The quadrupolar moment of the benzene model is Ϫ25ϫ10 timized with reference to the equilibrium properties of pure benzene at 450 K and at 298 K. At the higher temperature, a Gibbs ensemble simulation was performed, while a N-P-T simulation was conducted at 298 K. More details about the determination of the potential parameters are given in the Appendix.
The resulting model parameters are given in Table I ͑a schematic representation can be seen in Fig. 1͒ . The electrostatic charges are smaller than in Jorgensen's model ͑compared with 0.115e) which is explained by the larger distance between charges in our model. However the quadrupolar moment of the molecule (Ϫ27ϫ10 Ϫ40 C m 2 ) is not very different. The Lennard-Jones diameter ͑3.250 Å͒ is almost identical to the 3.246 Å of the nonpolar AUA model of Contreras-Camacho et al. The distance between the AUA force center and the carbon is slightly larger ͑0.455 Å in the electrostatic model compared with 0.407 Å in the nonpolar model͒. The energetic Lennard-Jones parameter ͑0.742 kJ/ mol͒ is slightly changed from the 0.743 kJ/mol of the nonpolar model. It is however surprising that we have not succeeded in modeling the equilibrium properties of pure benzene with the electrostatic model at an accuracy equivalent to the nonpolar model. For instance, significant positive deviations on vapor pressure and negative deviations on liquid density are found in the higher temperature part of the liquid-vapor coexistence region. This potential model must be therefore considered as a preliminary attempt to model the electrostatics of benzene in a simplified way.
Taking into account the limitations of the model presented, we have decided to compute different structural and transport properties of mixtures of benzene in water at three different molar fractions x B →0, x B ϭ0.1, and x B ϭ0.21 through molecular dynamics simulations. We have employed the SPC/E ͑Ref. 47͒ model to simulate water molecules.
We have studied two different supercritical regions of the phase diagram of the mixture, the first one at 573 K and 324 bar and the second at 673 K and at three different densities 0.300, 0.660, and 0.995 g/cm 3 ; all conditions are summarized in Table II and shown in the phase diagram of the mixture in Fig. 2 . 48 We have computed the density of the mixture for states 1-3 through N-P-T simulations with long-range correction for pressure and energy. 49 These densities have been used for N-V-T simulations to compute different transport and structural properties of the mixtures.
All simulations were carried out with 256 molecules and in each case the size of a cubic simulation box has been adjusted to fit the desired density of the mixture ͑see Table  II͒ Table II . Experimental data taken from the literature. 73, 74 technique, 49 with a cutoff radius of 10.1 Å, has been also employed. An equilibration run of 300 ps has been done prior to each 5 ns production runs, to eliminate any memory of the initial conditions.
IV. RESULTS AND DISCUSSION
In this section we present the results obtained in our simulations of mixtures of waterϩbenzene at supercritical conditions. Calculated properties were compared with experimental data or correlations when available. We have focused our attention to the various diffusion coefficients ͑self-diffusion and mutual diffusion͒, viscosity of the mixture, the static and dynamic behavior of hydrogen bonds, and the dielectric response of the system. In the following we will discuss our results.
A. Diffusion and viscosity coefficients
The results obtained for the different diffusion coefficient are summarized in Table II. In general, both selfdiffusion coefficients, D W for water and D B for benzene, decrease with increasing density, as could be expected. In the regions of T, P, and X B analyzed, we observed no significant variation of D W and D B with composition. This is the case for the isotherms calculated at different composition ͑states 4 -12͒ as well as with the analysis done at constant P and T and changing composition ͑state 1-3͒. In addition, the selfdiffusion coefficient of water obtained in our simulations is close to the experimental values 50 for pure water at this supercritical isotherm ͑673 K͒.
The density variation of the Maxwell-Stefan ͑MS͒ mutual diffusion coefficient is presented for the mixture in Fig.  3 . As it has been argued, D ӍD if the concentration of benzene is not too high. Contrary to the self-diffusion coefficient, a strong concentration dependence is observed here. In particular, it is quite surprising the analysis of the states from 1 to 3, which have the same T and P and differ only in composition, where the mutual diffusion coefficient increases when the concentration of benzene is increased, unlike benzene and water self-diffusion coefficients, for the same sequence of states. This behavior can be qualitatively explained with the help of Fig. 5 , in which the average number of water molecules in the first solvation shell of a benzene molecules is given. By purely stoichiometric reasons, the decrease of this number by increasing the concentration of benzene favors the relative motion of one species with respect to the other, due to the decrease of the attractive interspecific interactions. The increase of the benzene concentration also decreases the average number of waterbenzene hydrogen bonds as seen in Fig. 7 .
In Fig. 4 we show the shear viscosity variation with density and composition. At low benzene concentrations our results agree with the experimentally measured pure water viscosity. [5] [6] [7] 50 Notice that the viscosity in supercritical conditions is substantially lower than the viscosity of water at ambient conditions, even at similar densities.
For example, the viscosity at ϭ0.995 g/cm 3 is almost 17 times larger than the viscosity at ϭ0.300 g/cm 3 at the lower molar fractions of benzene. On the other hand, remains almost constant when the pressure and temperature of the system are kept constant, as in the states between 1 and 3.
The maximum observed in state 2, in the line of 573 K and 320 bar, for different compositions, is too weak to make strong statement about its molecular origin. However, the increase of the MS mutual diffusion coefficient with composition of benzene would suggest a decrease of the viscosity. Nevertheless, the large molecular volume of benzene necessarily causes a major hindrance to the relative motion of fluid layers. From the competition of these two effects may well result a maximum in the viscosity in the mentioned line. Our simulations, however, are not conclusive. In addition, Fig. 4 shows that is not too affected by the concentration of benzene at lower and medium densities. However, the shear viscosity is strongly affected by the presence of the solute at ϭ0.995 g/cm 3 where at x B ϭ0.21 is three times larger than the viscosity at x B →0. Since we were unable to find experimental data for the shear viscosity of the mixture at the thermodynamic conditions of our study, we have used an empirical correlation 51 for the product D i j •, applicable for supercritical fluids. In particular, for the state 4 ͑673 K and ϭ0.300 g/cm 3 
B. Structural properties of the mixture
So far, we have presented the collective dynamic properties of different mixtures of water and benzene. As far as the local structure of the water molecules in the mixture is concerned, one of the most important characteristics of the AUA model of benzene employed is the ability of forming hydrogen bonds with water molecules. Such hydrogen bonding interaction is required to correctly reproduce the solvation of benzene by water molecules at the supercritical conditions analyzed. In order to explore this solvation we have computed the coordination number of water molecules in the first solvation shell around each benzene molecule, at the different conditions of this study. From Fig. 5 it is clear that the amount of water molecules around each benzene molecule increases with the overall density of the mixture and decreases with an increasing amount of benzene in the system.
Additionally, in Fig. 6 we observe the center of mass to center-of-mass radial distribution functions between benzene and water molecules. From this figure it is clear that there is a presence of first peak, at Ϸ2.5 Å, which corresponds to water molecules that we assume to be hydrogen bonded with the benzenic ring. The radial position of this first peak is quite similar to the distance of 2.75 Å, at which the first peak of the g OO for pure water is observed ͑see Ref. 29͒. The second and more pronounced peak at about 4.85 Å is caused by the first solvation shell of water molecules around a benzenic ring. In Fig. 6͑c͒ ͑corresponding to the higher density͒ it is possible to see a third small peak, as expected in a high density liquidlike ordered system. In general, the height of each peak increases with the density and is quite affected by an increase of the amount of benzene molecules. For instance, the first peak presents a small increment with the addition of benzene, due to the fact that the presence of this molecule disturbs the local structure of water, favoring the cross association between the two species. This fact will be commented later on, in the analysis of the hydrogen bond lifetimes.
In Fig. 7 we observe the density variation of the average number of hydrogen bonds ͗N HB ͘ for water and benzene in the mixture. As a general trend the ͗N HB ͘ increases with density. On the other hand the increase of the concentration of benzene reduces ͗N HB ͘ for both species. This behavior is expected, since the inclusion of a solute in the system ͑with a different associating character in comparison with water͒ reduces the capability of water to form HB with itself ͑closed symbols in Fig. 7͒ . The most remarkable feature of this figure is the presence of cross HB between water and benzene molecules ͑open symbols͒. The presence of this type of interaction between the hydrogen atoms of water molecules and the electron clouds of the benzenic ring has been suggested by infrared spectra experiments. 52 The direct calculation of crossed hydrogen bonds in Fig. 7 , as well as the presence of the small first peak in Fig. 6 , are in support of this suggestion. At low densities crossed HB are rare, but at ϭ0.995 g/cm 3 each benzene molecule has an average between 0.8 and 1 HB depending on the concentration.
We will focus our attention in the so-called intermittent HB lifetimes, which correspond to set t*ϭϱ in Eq. ͑13͒.
According to this definition HB i
gives an estimate of the life times of a hydrogen bond that exist at tϭ0 and also exist at t regardless of how long it has been broken in the meantime. In Fig. 8 fusive process, in the sense that the larger HB i the lower is the self diffusion coefficient for a given species. It is however interesting to notice the different behavior of HB i in the states 1-3 at 573 K and Ӎ324 bar. The increase of the concentration of benzene produces a different behavior of the water benzene HB in comparison with the water-water HB. In the former the HB i decreases with increasing concentration, while in the latter the presence of benzene makes the water-water HB longer lived than in the infinite diluted system. This rigidity of the water-water interaction has been argued to be responsible for the increase of the viscosity in aqueous mixtures, as it is the case for water dimethyl sulfoxide solutions 32 at ambient conditions. This effect is not observed in this case for this mixture at the supercritical conditions. We have also evaluated the continuous HB lifetime ͑cf Sec. II͒. The values obtained in the water-water lifetimes in our simulations ͑0.18 -0.27 ps͒ are in agreement with the orientational relaxation times obtained with NMR spectra experiments 16 ͑0.2 ps͒.
C. Dielectric response
The capability of SCW of solvating nonpolar systems is based on the strong reduction of the dielectric constant of water at supercritical conditions. Many works have been devoted to the study of the solvation dynamics and dielectric properties of common ions in SCW through molecular dynamics Simulations, [53] [54] [55] [56] [57] but only a few simulation studies have addressed the dielectric properties of nonionic solutes in SCW. 58 Our simulations are therefore different estimates of the properties of the mixture of an aromatic and water under supercritical conditions.
In Fig. 9 the density variation of the dielectric constant ⑀ of the mixture waterϩbenzene at the supercritical conditions is presented. We observe an increment of the dielectric constant with the density. The presence of the benzene molecules considerably reduces the dielectric constant of the mixture as expected since this constituent carries no permanent dipolar moment. It is important to remark that even with a polarizable model of benzene ͑in this case we would have a contribution to the dipolar moment of the mixture͒ its contribution to ⑀ would be several times smaller than the contribution provided by the dipole moment of water. For this reason we believe that the predictions done here are not affected by the lack of polarizability in the model of benzene. Our results are compared with the values provided by Skaf and Laria 59 and the experimental data of Uematsu 60 for pure water at the supercritical region at slightly lower temperature of 650 K. Both, simulations and experimental data are in agreement with the values obtained for the lower concentration of benzene x B →0. In general, ⑀ presents almost a linear dependence with the density. For states 1-3 we observe the same qualitative behavior but, in this case, the dielectric constant is more affected by the presence of benzene. We want to remark that other works have been devoted to the study of the dielectric response of aqueous mixtures of methanol through molecular dynamic simulations 20, 61 and experiments, 62 as well as for mixtures of DMSOϩwater 63 but, to the best of our knowledge, there is no systematic study of the dielectric response either for mixtures at supercritical conditions or for the system waterϩbenzene.
In addition, it is known that nonpolarizable models of water underestimate the dielectric constant of water at liquidlike densities, precisely because at this conditions the polarizability plays an important role in the dielectric response of the system. For instance we have obtained a value of ⑀ϭ65.6 F/m for the dielectric constant of pure water at 298 K and 1 bar employing ⑀ RF →ϱ, which is in agreement with other values reported for the SPC/E model in the literature. 63, 64 There is some dispersion in these reported values of ⑀ due to the fact that the different possible treatments of the longrange electrostatic interactions affect the final values of ⑀, yielding values between 7%-8% of difference between each other. In any case, all values reported are considerably smaller than the value experimentally observed, ⑀ϭ78.5 F/m.
The induced dipole moment of benzene is neglected in our model. However, the small dielectric constant of pure benzene ͑⑀ϭ2.3 F/m͒ permits us to introduce this approximation for benzene-water mixtures, for which the dielectric response is essentially due to the permanent dipole moment of water. 50 In order to have more information about the reorientation of the dipole vectors in the system, we compute a radial decomposition of G k . In Fig. 10 the radial variation of the product of the dipole vector of water molecules i " j in the mixture is presented. In this figure, g i j (r) ͓defined in Eq. ͑4͔͒ shows several peaks which are related to the relative orientation of the water molecules at different radial shells. On one hand, positive peaks represent the parallel orientations of particle's dipole moment. On the other hand, the small negative values indicate slight antiparallel orientations. The first pronounced peak observed in all plots is due to the presence of water molecules in the first nearest neighbor shell whose dipole moments are strongly correlated with that of the test particle. The successive small peaks tell us that the correlation of orientations at large distances is progressively lost to finally reach the complete randomness ͓g i j (r)→0 when r→ϱ]. The relative orientation between molecules strongly depends on the density. Consequently, the first peak of this function also increases when the density is increased as seen from Fig. 10͑a͒ to Fig. 10͑c͒ Additionally, in Fig.  10͑c͒ we also include the value of g i j (r) of pure water at 298 K and 1 bar for comparison.
The temperature of the system also influences the value of the peaks due to the fact that more rotational kinetic energy destroys the relative orientation of the dipoles and hence the dielectric constant of the fluid decreases as it would be expected. Surprisingly, g i j (r) seems to be unaffected by the increment of the molar fraction of benzene, probably because this molecule does not interact in any particular orientation with water molecules, remember that even with the possible HB between water and benzene molecules this bond is not oriented in any particular direction. Other works 20, 63 devoted to the analysis of the dielectric response of aqueous solutions of associating fluids, such as methanol and DMSO, employ Fourier-Hankel transformation of the dipolar symmetry projections of pair correlations functions to analyze the orientation of dipoles but, since only water molecules present dipolar interactions we consider that the information given by g i j (r) is a good description of the reorientational distributions of dipoles in the mixture.
V. CONCLUSIONS
We have presented in this work a MD simulation study of transport and dielectric properties of aqueous solutions of benzene at supercritical conditions. We have explored two regions of the phase diagram of the mixture ͑see Table II͒ ; ͑a͒ the supercritical 673 K isotherm at three different densities and ͑b͒ the region of constant temperature 573 K and constant pressure around 324 bar. The lack of experimental data on the studied properties forces a comparison of our MD data with correlations and properties of pure components, to have a framework of reference. One of the first aspects to be mentioned is the capability of the new AUA model of benzene with point charges to reproduce the experimentally observed phase at the thermodynamic conditions of our study. The inclusion of point charges in the force field parameters of the benzene, reproducing the quadrupolar moment of the molecule, is thus an essential requirement to have an adequate interaction with water molecules. Though some assumptions and simplifications can be done to compute the dielectric constant of the benzene molecule with nonpolarizable models, 65 formally a degree of polarizability should be included in any model of benzene in order to compute the dielectric constant in a consistent way, i.e., to obtain the experimental values of this constant of pure benzene. For larger concentration of water the dielectric response of the system is dominated by the large dipole moment of water. The quadrupolar moment of benzene does not directly affect the dielectric response, except by the coupling with the dipolar moment of water.
In summary, in this work we have introduced a model of benzene which includes seven point charges which reproduce the quadrupolar moment of the molecule. The addition of charges is necessary to reproduce the phase behavior experimentally observed. Although this AUA model of benzene is only a first step towards better models of aromatic compounds, it has permitted us to explore a region of the phase diagram of the mixtures of water and benzene when scarce data can be found. In addition, our analysis also permits to investigate several microscopic structural details which up to date had only been conjectured, as it is the case of the existence and structure of the water-benzene HB. Molecular simulation allows the exploration of extreme regions of the phase diagram of mixtures, producing estimates of properties that are otherwise difficult, dangerous, or expensive to obtain. Therefore, MS is a tool whose importance for future applications will increase every day.
The self-diffusion of water ͑presented in Table II͒ present a strong density dependence. We observe that the values of the self-diffusion coefficient are smaller when the density is increased. The increment of the molar fraction of benzene tends to decrease the value of this constant for both species, the effect being more pronounced at higher densities. The Maxwell-Stefan mutual diffusion coefficient ͑Fig. 3͒ presents the same density dependence but, in this case, the effect of the amount of benzene is more pronounced at low densities. The behavior of the shear viscosity ͑Fig. 4͒ is closely related to the observed MS mutual diffusion coefficient. In general, increases with density at supercritical conditions and, in addition, the increase of x B also produces a rapid growth in the value of this property. We employed an empirical correlation 51 for the product D i j • applicable for supercritical fluids, and a good agreement is found between our simulations and the values predicted by this correlation.
The average number of hydrogen bonds per molecule is strongly influenced by the density. We have also studied the presence of crossed HB between the hydrogen atom of water molecules and the electron ring of the benzene molecule. A considerable number of this kind of conformations have been found. These crossed HB are in qualitative agreement with the experimental observation suggesting the formation of water-benzene aggregates.
14 At higher densities, the lifetimes of these water-benzene HB are larger than the water-water hydrogen bonds present in the fluid. Additionally, we found a good agreement between our simulations for water-water hydrogen bond lifetimes and NMR spectra experiments 16 for reorientational hydrogen bond lifetimes.
We close the analysis done in this study with the computation of the dielectric response of the mixture determining the dielectric constant. We find that ⑀ decreases with the addition of benzene molecules. In addition, the dielectric constant is directly affected by the density of the system, this effect being more pronounced at low molar fractions of benzene. 
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APPENDIX: DETERMINATION OF THE POTENTIAL PARAMETERS
Electrostatic parameters
The method used for computing the distribution of point charges has been fully described in an earlier paper. 66, 67 In this work, we propose to use a seven charges model, which considers six charges placed on the hydrogen atoms of benzene molecule and a supplementary charge placed in the center of molecule.
A least-square condition is used to determine atomic charges. It consists of minimizing the following quantity:
where V( P k ) is the ab initio ESP at point P k , and V f it ( P k ) is the ESP calculated from the distribution of atomic charges:
where N is the number of atoms, q i is the fitted atomic charge, and r i,k is the distance between atom i and point P k .
The stabilization method of Lévy and Enescu 46 was used in order to derive charge sets that weakly depend on the conformation and length of the molecule. 66, 67 The ab initio ESP for the molecule was determined at MP2/6-311Gϩϩ level using GAUSSIAN 98 package. 68 The fit grids ͑i.e., ensemble of points͒ were built using the point selection scheme of Connolly 68 which consists of shells of points located at R times the van der Waals radii. R has been chosen in the range of 1.2, 1.4, 1.8, and 2.0. The obtained electrostatic distribution was then tested for all fitting points. The relative root mean square ͑rrms͒ errors were calculated to estimate the accuracy of this procedure. Atomic charges obtained for benzene together with the computed and experimental quadrupolar moment are showed in Table I . The Lévy and Enescu method yields rrms values of 8 and 8.5 for the seven charges. This can be considered as very satisfactory, given the choice of the atomic charge models.
Lennard-Jones parameters
We have chosen the benzene molecule as the reference compound to fit the carbon-hydrogen group atom ͑CH͒ parameters (⑀,,␦ LJ 1 ) following an anisotropic united atoms representation to study aromatic molecules. 34, 69 We have considered the vapor pressure, the vaporization enthalpy, and the liquid density at ambient conditions and at a reduced temperature (T/Tc) of about 0.8 as reference data. Considering the vaporization enthalpy and the liquid density as reference data allows a reliable extension to lower and higher temperatures since these properties control the temperature dependence of the vapor pressure through the Clapeyron equation. Reference data were obtained from the correlations provided by the Dortmund Data Bank 70 after having checked their reliability on available measurements at ambient temperature. In order to estimate the performance of a given set of parameters, we only have performed two simulations for benzene: one Gibbs Ensemble Monte Carlo ͑GEMC͒ simulation at a reduced temperature of 0.8 and one N-P-T monophasic simulation at ambient conditions. These two simulations allow us then to compare a given potential to five independent experimental data.
The optimization procedure has been presented several times in earlier papers, 34, 65, 69, 71 ,72 and will not be described again here. All reference data are reproduced within the statistical uncertainties. The corresponding LJ parameters are listed in Table I. 
